The correct identification of bacteria from the Burkholderia cepacia complex (Bcc) is crucial for epidemiological studies and treatment of cystic fibrosis infections. However, genome-based identification tools are revealing many controversial Bcc species assignments. The aim of this work is to re-examine the taxonomic position of the soil bacterium B. cepacia 89 through polyphasic and genomic approaches. recA and 16S rRNA gene sequence analysis positioned strain 89 inside the Bcc group. However, based on the divergence score of seven concatenated allele sequences, and values of average nucleotide identity, and digital DNA:DNA hybridization, our results suggest that strain 89 is different from other Bcc species formerly described. Thus, we propose to classify Burkholderia sp. 89 as the novel species Burkholderia catarinensis sp. nov. with strain 89 T (=DSM 103188 T = BR 10601 T ) as the type strain. Moreover, our results call the attention to some probable misidentifications of Bcc genomes at the National Center for Biotechnology Information database.
INTRODUCTION
The genus Burkholderia belongs to the β-proteobacteria class and was proposed in 1992 to separate seven species from the Pseudomonas ribosomal RNA group II (Yabuuchi et al. 1992) . Nowadays, there are more than 100 species of Burkholderia formally described that were isolated from remarkably diverse ecological niches as pristine and contaminated soils, plant rhizosphere and phytosphere, invertebrate intestinal tracts and the respiratory tract of humans (Vandamme and Peeters 2014) . The type species, Burkholderia cepacia, is part of a versatile group of 21 species called the B. cepacia complex (Bcc) (Peeters et al. 2013; Vandamme and Peeters 2014; De Smet et al. 2015; Ong et al. 2016) . Bcc strains show biotechnological potential for biocontrol, bioremediation and plant growth promotion (PGP) (Bevivino et al. 2000) , while also presenting phytopathogenicity and being the causative agent of infections in patients with cystic fibrosis (CF) (Coenye and Vandamme 2003) . Epidemiological studies showed the prevalence of the species Burkholderia cenocepacia and Burkholderia multivorans in CF infections followed by a lower occurrence of other Bcc members (Mahenthiralingam, Urban and Goldberg 2005; Pope, Short and Carter 2010; Kenna et al. 2017) . Moreover, some Bcc species present higher patientto-patient transmissibility or poor prognosis, which makes their accurate identification critical for the correct treatment of the patient (LiPuma 2005; Kenna et al. 2017) .
The identification of Bcc species could be difficult since they exhibit high levels of 16S rRNA and recA gene sequences identity (98%-100% and 94%-95%, respectively), and moderate levels of DNA:DNA hybridization (30%-50%) (Peeters et al. 2013) . Although widely used for bacteria identification, 16S rRNA gene sequence has limited resolution for Bcc species differentiation (Mahenthiralingam et al. 2000; Payne et al. 2005; Konstantinidis and Tiedje 2005b) and even whole-cell fatty acid profiles fail to distinguish them (Peeters et al. 2013) . Several studies have reported misidentifications of Bcc species using phenotypic methods as biochemical tests or commercial identification systems, which lack discriminatory power within the complex and sometimes fail to differentiate them from other non-fermentative gram-negative bacteria recovered from CF patients (Kiska et al. 1996; Henry et al. 2001; Mahenthiralingam, Urban and Goldberg 2005; Vandamme and Dawyndt 2011; Lambiase et al. 2013) .
Alternatively, species-specific recA gene primer pairs and recA-restriction fragment length polymorphism (recA-RFLP) reactions have been developed and proved to differentiate most of the Bcc species (Mahenthiralingam et al. 2000; Vermis et al. 2002; Payne et al. 2005) . In a similar manner, matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) is also increasingly being used for fast, low-cost and accurate routine identification of clinical bacteria (Marko et al. 2012; Sauget et al. 2017) and may successfully identify most Bcc species (Degand et al. 2008; Vanlaere et al. 2008; Lambiase et al. 2013 ). However, both recA-RFLP and MALDI-TOF MS identifications rely on the comparison with previously known patterns and fail to identify new isolates (Payne et al. 2005; Suttisunhakul et al. 2017) . To overcome all these difficulties, multilocus sequence analysis (MLSA) based on seven housekeeping genes was developed and have emerged as the most useful taxonomic tool for this group (Baldwin et al. 2005; Vanlaere et al. 2009 ). Furthermore, with the availability of genome sequences, the genomic comparison average nucleotide identity (ANI) provides new possibilities for comprehensive demarcation of species and has been used to corroborate traditional polyphasic taxonomic results (Konstantinidis and Tiedje 2005a; Richter and Rosselló-Móra 2009; Vanlaere et al. 2009 ). In spite of the development of new identification tools, many Bcc strains still have controversial species assignments.
Burkholderia cepacia 89 was isolated from Southern Brazilian native grassland soil in 2011 and has previously shown PGP and biocontrol characteristics (dos Passos et al. 2014; Bach et al. 2016) . Approximately 1500 bp of the 16S rRNA were submitted to a Basic Local Alignment Search Tool (BLAST) in the NCBI database (http://www.ncbi.nlm.nih.gov/) that resulted in its identification as B. cepacia (Bach et al. 2016) . However, preliminary taxonomical analysis using MALDI-TOF MS and the draft genome showed that strain 89 might not belong to B. cepacia. The aim of this work is to re-examine the taxonomic position of Burkholderia sp. 89 through polyphasic and genomic approaches to present the difficulties of a reliable identification of Bcc members.
MATERIALS AND METHODS

Culture conditions and genome sequencing
Burkholderia sp. strain 89 was routinely grown on King's B medium (KB) (Glickmann and Dessaux 1995) and incubated at 28
• C. DNA extraction was performed as previously described (dos Passos et al. 2014) . Genomic DNA was used to construct a library that was sequenced on the Ion Torrent platform using the Library Preparation Kit according to manufacturer's instructions (Thermo Fisher Scientific, Waltham, MA, USA). Genome assembly was carried out with CLC Genomics Workbench (http://www.clcbio.com/products/clc-genomics-work bench/), Mira (http://sourceforge.net/projects/mira-assembler/) and Spades v3.5.0 softwares (Bankevich et al. 2012) . Quality assessment of assemblies was evaluated using the software CheckM (Parks et al. 2015) for genome completeness and presence of contaminants, as well as using the software QUAST for contiguity evaluation (N 50 ) (Gurevich et al. 2013) . The assembly presenting the highest value of N 50 , fewer contigs, higher completeness and absence of contamination was chosen. The draft genome was deposited at GenBank under the accession no. MDEQ01000000. The genomes of other Bcc type strains were obtained from the NCBI genome and nucleotide databases. In case there was no deposit of the genome of the type strain, we chose the strain from the same species with the most complete genome.
Matrix-assisted laser desorption ionization time-of-flight mass spectrometry analysis
Burkholderia sp. strain 89 was grown in 20 mL of minimal broth Davis without dextrose (Difco Laboratories, Detroit, Michigan, USA) supplemented with 20 μM glycerol at 28
• C with shaking at 150 rpm. After 48 h, cells were pelleted, washed with 100% ethanol (Merck, Darmstadt, Germany) and dried in a SpeedVac at 30
• C for 10 min. Extraction of proteins was performed with 70% formic acid (Sigma-Aldrich, Fluka, MO, USA) followed by the same volume of acetonitrile (Merck, Darmstadt, Germany) as previously described (Suttisunhakul et al. 2017) . The mixture was centrifuged at 13 000 rpm for 2 min and 1 μl of the supernatant was spotted onto an MSP-384 polished steel target plate (Bruker Daltonics, Bremen, Germany). The extraction was performed in duplicate and analysis was done in triplicate. Spots were allowed to air-dry and then were overlaid with 1 μl of α-cyano-4-hydroxycinnamic acid matrix (Bruker Daltonics, Bremen, Germany) dissolved in 50% acetonitrile and 2.5% trifluoroacetic acid (Sigma-Aldrich, Fluka, MO, USA). Data were acquired using an Autoflex III MALDI-TOF mass spectrometer (Brucker Daltonics, Bremen, Germany) equipped with smart beam laser technology. Mass spectra were obtained in a linear positive mode as a result of 1000 laser shots and analyzed within a mass range of 2000-20 000 Da with the FlexAnalysis 3.3 software (Bruker Daltonics, Bremen, Germany). Calibration was carried out using the Bacterial Test Standard following the manufacturer's instructions (Bruker Daltonics, Bremen, Germany). Identification was achieved using the MALDI-Biotyper software version 3.1 (Bruker Daltonics, Bremen, Germany), according to the manufacturer's recommendation.
Phylogenetic analysis
To confirm the position of Burkholderia sp. 89 inside the Bcc cluster, we first generated a phylogenetic tree containing all 16S rRNA sequences of Burkholderia type strains. For that, 16S rRNA sequences of type strains of each species were obtained from the Ribosomal Database Project (RDP, https://rdp. cme.msu.edu/hierarchy/hb intro.jsp). For those species absent in RDP, sequences were obtained from the NCBI database using the accession numbers described in their original description works. Sequences were aligned using the SINA aligner (http://www.arb-silva.de/aligner), followed by trimming and removing all gaps using the software AliView (Larsson 2014) . The phylogenetic tree was reconstructed using a maximum likelihood (ML) approach through the RaxML v.8.2.4 software (Stamatakis 2014) via CIPRES Science Gateway v. 3.3 (Miller, Pfeiffer and Schwartz 2010) .
The recA gene sequence of strain 89 was obtained from the genome. All sequences from other Bcc type strains were obtained in the NCBI database according to accession numbers previously described (Peeters et al. 2013; De Smet et al. 2015; Ong et al. 2016 ) and aligned using ClustalX (Thompson et al. 1997) . Alignment was treated and phylogenetic tree was generated as described above. Pairwise distances were calculated with MEGA 7.0 (Kumar, Stecher and Tamura 2016), using the Jukes-Cantor model, a bootstrap method with 1000 replications, and eliminating all positions containing gaps and missing data. The rate variation among sites was modeled with a gamma distribution (shape parameter = 1).
MLSA of the Bcc strains were performed using seven housekeeping genes: atpD, gltB, gyrB, recA, lepA, phaC and trpB ( Vanlaere et al. 2009 ). The draft genome was utilized to obtain these genes from Burkholderia sp. 89. Sequences from the allele types of these seven genes of other Bcc were obtained from the PubMLST database (http://pubmlst.org/bcc) (Jolley, Chan and Maiden 2004) according to Vandamme and Peeters (2014) and aligned using MAFFT v.7.266 (Katoh and Standley 2013) . Then, alignments were concatenated in a supermatrix using FASconCAT (Kück and Meusemann 2010) and the phylogenetic tree was constructed as described above. The percentage of divergence of concatenated allele sequences (average number of nucleotide substitutions per site) among species was calculated using DnaSP v5.10 (Librado and Rozas 2009) based on the Jukes-Cantor method (Peeters et al. 2013 ). To confirm the taxonomic position of genomes obtained in the NCBI database, we extracted their housekeeping genes using the tool hosted in the Center for Genomic Epidemiology website (https://cge.cbs.dtu.dk/services/MLST/).
Genome comparisons
ANI values based on BLAST and MUMmer alignments were calculated at JspeciesWS (http://jspecies.ribohost.com/jspeciesws/) (Richter and Rosselló-Móra 2009) . The digital DNA:DNA hybridization (dDDH) was estimated using GGDC 2.1 (Genome-to-Genome Distance Calculator, http://ggdc.dsmz.de/ distcalc2.php) and choosing the alignment BLAST+ and recommended formula 2 (Meier-Kolthoff, Klenk and Göker 2014).
Biochemical tests
Biochemical characterization was mostly performed using a gram-negative card of the VITEK system (bioMérieux, Marcy l'Etoile, France). Additional tests were carried out according to MacFaddin (2000) , see the supplementary material for more details.
RESULTS AND DISCUSSION
Up to now, we have no pieces of evidence that the soil bacterium Burkholderia sp. 89 could cause human infections. Instead, it is known to produce phytohormones and protect apple plants from fungus infection (dos Passos et al. 2014) . In our previous work, the 16S rRNA gene sequence of this strain showed high identity with Burkholderia cepacia (Bach et al. 2016) , a species that sometimes is found in human infections (Mahenthiralingam, Urban and Goldberg 2005) . However, additional taxonomic analysis of this strain presented identification inconsistencies that raised doubts about its relationship with the most pathogenic species of the Bcc group.
MALDI-TOF MS analysis reliably identified strain 89 as belonging to the Bcc group with scores above 2.3, but could not identify it in the species level. This technique has proven to be very accurate for the rapid identification of Bcc from clinical and environmental sources (Vanlaere et al. 2008; Lambiase et al. 2013) . Unfortunately, the identification ability of this technique is restricted to spectra profiles present in its database and fails to identify new isolates, therefore database should be constantly updated (Degand et al. 2008; Fernández-Olmos et al. 2012; Lau et al. 2012; Fehlberg et al. 2013; Almuzara et al. 2015; Kenna et al. 2017; Suttisunhakul et al. 2017) . Thus, this result showed that strain 89 should not belong to any of the 9 Bcc species present in its database, including B. cepacia.
Both 16S rRNA and recA phylogenetic trees also positioned Burkholderia sp. 89 inside the Bcc cluster ( Figs S1 and S2 Bcc species, and of novel Bcc species labeled 'other Bcc A to P'. The tree was constructed using the same strains and conditions as presented by Vandamme and Peeters (2014) with slight modifications. Bcc B was described as B. stagnalis and Bcc L as B. territorii (De Smet et al. 2015) . Data from B. paludis were obtained from Ong et al. (2016) . The tree was constructed through an ML Method with a bootstrap of 1000 replicates. We chose the GTR+CAT evolutionary model and set partitions for each marker. Other parameters were set as default. al. 2017) and highlights the necessity of using more taxonomic tools for the correct identification of bacteria from this group. RFLP methods were developed to improve the discriminatory power of those genes (Vandamme and Dawyndt 2011) . However, an important drawback is misidentifications of Bcc caused when overlapping or previously unknown RFLP patterns are found (Mahenthiralingam et al. 2000; Moore et al. 2002; Payne et al. 2005; Cesarini et al. 2009 ).
Another approach widely used to differentiate Bcc species is the MLSA, which employs phylogenetic procedures based on the nucleotide sequences of multiple gene fragments to reveal similarities between strains representing different species and genera (Gevers et al. 2006) . Through the MLSA approach, Vandamme and Peeters (2014) investigated the divergence of concatenated allele sequence of Bcc strains deposited in the PubMLST database and revealed that there were at least 16 novel Bcc species yet to be described (Other Bcc A-P). In our work, the phylogenetic analysis of concatenated allele sequences demonstrated that strains 89 and Other Bcc O belong to the same cluster within the Bcc, supported by a bootstrap value of 100% (Fig. 1) . Moreover, according to the PubMLST database, strain 89 and Other Bcc O (ST 763) present a similar allelic profile, being the closest loci match and the number of different base pairs among the strains, respectively: atpD (315, 2), gyrB (547, 2), recA (333, 1), lepA (380, 4), phaC (289, 1), trpB (370, 6). The only exception is gene gltB (319, 2), whereas strain Other Bcc O has gltB type 362. Thus, Burkholderia sp. 89 MLSA data were used to assign new allele types and the following allelic profiles: atpD, 429; gltB, 547; gyrB, 867; recA, 491; lepA, 543; phaC, 409 and trpB, 533 (GenBank accession number MF148489-MF148495), ST profile 1327. The concatenated allele sequence divergence between these two strains is 0.7% ± 0.3%, while their divergence to other Bcc species is above the 3% threshold previously determined for Bcc species delimitation (Table S1 , Supporting Information) (Vanlaere et al. 2009 ). These results suggest that strain 89 and Other Bcc O could belong to the same species and are different from the Bcc species formerly described.
Additionally, we performed genomic comparisons between the genome of strain 89 and genomes available for other Bcc species. The assembly generated with the software Spades was chosen for those analysis due to the highest value of N 50 (18 250), fewer contigs (892), completeness of 95.75%, lower contamination (Table S2 , Supporting Information) and average depth of coverage of 45%. Table 1 shows that the GC content and the genome size of Burkholderia sp. 89 corresponds with that of other Bcc species. Levels of ANI and dDDH were below the 95% and 70% thresholds previously determined for species delimitation, respectively (Vanlaere et al. 2009 ), even for species that have higher 16S rRNA and recA gene sequences identity levels. Therefore, our genomic approach corroborates the MLSA and shows that strain 89 is also different from other Bcc species at genomic level.
Burkholderia sp. strain 89 presents a unique pattern of physiological characteristics and can be differentiated from most of the other Bcc species especially concerning to the abilities of maltose acidification, β-galactosidase activity, esculin hydrolysis and lysine decarboxylation (Table 2) . Thus, we propose to name Burkholderia sp. 89 as the novel species Burkholderia catarinensis sp. nov. with strain 89 T (=DSM 103188 T = BR 10601 T ) as the type strain. Interestingly, when we performed an MLSA to confirm the taxonomical identification of genomes of non-type strains available at NCBI, we could observe that some strains have probably been misclassified ( Fig. S3 ; Tables S3 and S4, Supporting Information). Burkholderia stabilis LA20W seems to be more similar to B. pyrrocinia reference strains than B. stabilis reference strains. In addition, 11 strains of Burkholderia diffusa species seem to form a well-supported cluster with Burkholderia territorii reference strains. Comparisons of divergence of concatenated allele sequences, ANI and dDDH values of these genomes with other Bcc suggest that all the genomes of strains identified as B. diffusa could belong to B. territorii, a species recently described (Table 3) (De Smet et al. 2015) . Moreover, eight strains classified as Burkholderia anthina actually clustered within the Other 
+, positive; -, negative; v, variable reactions; ND, not determined. Phenotypic characteristics of B. catarinensis were mostly performed using a Vitek system. All other data were taken from Peeters et al. (2013) , De Smet et al. (2015) and Ong et al. (2016) . Bcc D group (concatenated allele sequence divergence between these two strains is 0.9% ± 0.4%). Thus, our results suggest that genomes of strains identified as B. anthina do not belong to any known Bcc species and likely belong to Other Bcc D group, a new species yet to be described (Vandamme and Peeters 2014) .
Sequencing technologies became more affordable, increasing the number of genomes available in public databases (Goodwin, McPherson and McCombie 2016) , which could facilitate the identification of pathogens and fasten epidemiological studies. However, care should be taken when using non-curated data and bioinformatic tools, since some depositors may not be doing enough taxonomic studies to classify their strains. Our results emphasize the necessity of using more than one approach for an accurate classification of strains, especially for some groups of closely related bacteria.
In the case of Bcc members, the identification of the species could be crucial for the comprehension and proper treatment of the disease developed by CF patients as well as detection of patient-to-patient transmissions (Mahenthiralingam, Urban and Goldberg 2005) . For instance, the difference among environmental and clinical strains of Bcc is still not completely understood, and it is suggested that the soil could actually be the reservoir for infections (Coenye and Vandamme 2003) . Identification difficulties of Bcc in clinical settings involving biochemical tests (Henry et al. 2001; Vandamme and Dawyndt 2011; Lambiase et al. 2013) , recA-based PCR and recA-RFLP assays (Mahenthiralingam et al. 2000; Payne et al. 2005; Cesarini et al. 2009 ) and MALDI-TOF MS (Vanlaere et al. 2008; Fehlberg et al. 2013; Kenna et al. 2017) have long been discussed and seem to still be a problem. Our results corroborate the fact that 16S rRNA and recA genes have low resolution for species classification and that MLSA should be used as an accurate taxonomic tool for this group (Baldwin et al. 2005; Vanlaere et al. 2009 ). Moreover, we showed that the genomic approaches ANI and dDDH corroborate MLSA identification and are also successful in the differentiation of Bcc species to prevent misidentifications.
Description of Burkholderia catarinensis sp. nov.
Burkholderia catarinensis (ca.ta.ri.nen'sis. N. L. fem. adjective catarinensis referring to Santa Catarina, the state from Southern Brazil where the strain was isolated).
Cells are gram-negative, aerobic, non-sporulating rods. Growth on KB and LB media is observed from 24
• C to 37 
